Southwest Metropolitan Mexico City (SWMMC) atmosphere is a complex mixture of air pollutants, including ozone, particulate matter, and aldehydes. Children in SWMMC are exposed chronically and sequentially to numerous toxicants, and they exhibit signi cant nasal damage. The objective of this study was to assess p53 accumulation by immunohistochemistr y in nasal biopsies of SWMMC children. We evaluated 111 biopsies from 107 children (83 exposed SWMMC children and 24 control children residents in a pollutant-compliant Caribbean island). Complete clinical histories and physical examinations, including an ear-nose-throat (ENT) exam were done. There was a signi cant statistical difference in the upper and lower respiratory symptomatolog y and ENT ndings between control and exposed children ( p < 0.001). Control children gave no respiratory symptomatolog y in the 3 months prior to the study; their biopsies exhibited normal ciliated respiratory epithelium and were p53-negative . SWMMC children complained of epistaxis, nasal obstruction, and crusting. Irregular areas of whitish-gray recessed mucosa over the inferior and middle turbinates were seen in 25% of SWMMC children, and their nasal biopsies displayed basal cell hyperplasia, decreased numbers of ciliated and goblet cells, neutrophilic epithelial in ltrates, squamous metaplasia, and mild dysplasia. Four of 21 SWMMC children with grossly abnormal mucosal changes exhibited strong transmural nuclear p53 staining in their nasal biopsies (p 0.005, odds ratio 26). In the context of lifetime exposures to toxic and potentially carcinogenic air pollutants, p53 nasal induction in children could potentially represent. a) a checkpoin t response to toxic exposures, setting up a selective condition for p53 mutation, or b) a p53 mutation has already occurred as a result of such selection. Because the biological signi cance of p53 nuclear accumulation in the nasal biopsies of these children is not clear at this point, we strongly suggest that children with macroscopic nasal mucosal abnormalities should be closely monitored by the ENT physician. Parents should be advised to decrease the children's number of outdoor exposure hours and encourage a balanced diet with an important component of fresh fruits and vegetables.
INTRODUCTION
The normal conducting airway epithelium from the nose to the bronchioles is pseudostrati ed with basal, ciliated, and secretory cells (2) . Homeostatic mechanisms maintain a balance of the major cell types, as cells die and are replaced. Exposure of the airway epithelium to injurious agents alters the steady-state producing changes in the proportions of speci c cell types, modi es the ultrastructure of the epithelium and the mucociliary defense mechanisms, and increases cell proliferation (2, 12, 14) .
Squamous metaplastic changes are seen in the respiratory epithelium as a response to exposures to sidestream tobacco smoke (43) , noncarcinogenic (21) , and carcinogenic agents (4, 38, 51) . In the upper respiratory tract, the reactive response involves an increase in the number of microvilli-bearing cells until they completely substitute the ciliated cells. Such change is likely to be the rst step in a metaplastic process, during which the epithelium becomes strati ed cuboidal, lacking ciliated cells, and later becoming squamous (8, 24) . Squamous cell metaplasia is a process also observed in the course of experimental carcinogenesis as the earliest recognizable morphological change in the metaplasia-dysplasiacarcinoma sequence in the origin of human lung squamous cell carcinoma (SCC) (33) . Squamous metaplastic changes that appear in the early stages of carcinogenesis may be instrumental in the identi cation of preneoplastic lesions, along with the determination of other parameters such as DNA ploidy, genomic instability, and p53 expression (22, 28, 39) .
Respiratory epithelial tumor development involves a complex multistage process, the result of the interaction between a myriad of environmental and endogenous factors (22, 29, 42) . The p53 tumor suppressor protein is a transcriptional regulator that is activated by a variety of stress signals such as DNA damage, hypoxia, nucleotide deprivation, and aberrant proliferation. It plays a crucial role in maintaining genomic stability and preventing the development of malignancies. p53 regulates the expression of genes such as p21 WAFI , GADD 45 , and BAX, that contain p53 recognition sites in their promoters (27, 32, 44) . The products of these genes participate in critical cellular processes, including DNA repair, cell cycle control, replicative senescence, and apoptotic cell death (27) . In normal human cells, the half-life of the wildtype p53 protein is < 20 minutes, consistent with its rapid turnover. Genotoxic stress leads to stabilization and transient accumulation of p53 protein as well as potentiation of its transactivation properties (27) . Mutant p53 is often highly stabilized and more readily detectable than its active wild-type counterpart (27, 32, 44) . p53 alterations in the early phases of squamous cell carcinoma development in the head and neck, esophagus, and respiratory system (19) suggests that detection of p53 abnormalities could be used as a biomarker that indicates a predisposition of a particular area of atypical squamous metaplasia towards malignancy.
Air pollutants such as ozone and formaldehyde produce airway epithelial injury (25, 38, 51) . Children in Southwest Metropolitan Mexico City (SWMMC) are exposed all year long to concentrations of ozone and particulate matter (PM) above the current US National Air Quality Standards (NAAQS) (12, 14) . Their nasal biopsies exhibit basal cell hyperplasia, squamous metaplasia, and mild dysplasias in addition to ultrastructural alterations including abnormal cilia and the presence of PM in heterolysosomal bodies in epithelial cells (14) . Adults with signi cant outdoor daily exposures living in SWMMC show dysplastic nasal lesions with nuclear accumulation of p53 protein (10), and there is an apparent increase in nasal squamous cell carcinomas (SCC) in Mexico City adults (13) . The principal objective of this study was to determine if children in SWMMC have nasal biopsies exhibiting nuclear accumulation of p53 protein by immunohistochemistry (IHC). Our results indicate that p53 nuclear accumulation in these highly exposed children is limited to dysplastic areas, and it is not detected in the majority of exposed children's epithelium, thus we have to consider that we are not detecting the initial stabilization in response to pollutants, but rather the accumulation of mutant p53. However, since the biological signi cance of p53 nuclear accumulation in dysplastic nasal lesions is not clear at this point we strongly suggest that children with macroscopic nasal mucosal abnormalities should be closely monitored by the ear-nose-throat (ENT) physician, parents should be advised to decrease the children's number of outdoor exposure hours coinciding with the pollutants peaks and encourage a balanced diet with an important component of fresh fruits and vegetables.
MATERIALS AND METHODS

Study Area
Mexico City has 20 million residents with associated production of air pollutants from automobiles, leakage of petroleum gas, and intense industrial activity. Sunshine all year-round and light winds and temperature inversions in the winter months contribute to create an environment in which complex photochemical reactions produce oxidant chemicals and other toxic compounds. The atmosphere in Southwest Metropolitan Mexico City (SWMMC), is characterized by > 4 hours/day with O 3 > 0.08 ppm, average maximal peaks of 0.250 ppm, and high ozone concentrations up to 0.48 ppm (24) . Both PM 10 and PM 2.5 routinely exceed their respective annual arithmetic means above the current annual US standards (PM 10 50 l g/m 3 and PM 2.5 15 l g/m 3 ) with average values of 78 l g/m 3 and 21.6 l g/m 3 for PM 10 and PM 2.5 , respectively (12, 14) . Other pollutants detected in SWMMC include formaldehyde and acetaldehyde concentrations in the range of 5.9-110 and 2-67 parts per billion per volume (ppbv), respectively; maximal peaks are recorded between 8 and 10 am for acetaldehyde and 10 am to 12 pm for formaldehyde (1) . Genotoxicity of organic extracts of Mexico City airborne particles has been demonstrated in somatic cells of Drosophila melanogaster (16) .
Pollutant Measurements
Atmospheric pollutants were monitored at the Pedregal station located in SWMMC, downwind of the major diurnal emissions in Metropolitan Mexico City. Data for O 3 , PM 10 , SO 2 , and NO 2 were reviewed for the period 1986-1998. The maximal concentrations, numbers of hours equal or above the US National Ambient Air Quality Standards (US NAAQS) and the time of occurrence of pollutants peaks were recorded Data from Isla Mujeres, the low-pollution Caribbean island control site, were obtained from the Capitania del Puerto.
Study Population
The project was approved by the Instituto Nacional de Pediatria Review Boards for Human Studies, and informed written consent was obtained from the children's parents. Children were recruited in Mexico City from the Instituto Nacional de Pediatria personnel, and a children's Sunday school by posted advertisements and word of mouth. Children in the control city were recruited from a Sunday school by posted advertisements and word of mouth. Then, 125 children and their parents were asked to complete a questionnaire form with the assistance of a medical student and a physician. The questionnaire included a personal medical history (including recent respiratory illness), known history of exposure to potential toxics (solvents, paints, heavy metals, photocopying machines), outdoor exposure time, physical activities, length of residency in Mexico City or in the control city, place of residency and school district, and travel outside their residency or outside of the city. Parents' occupational histories were also included. We selected 107 children based on a negative history of allergic and respiratory diseases, negative history of active or passive repeated exposure to tobacco, no recent clinical respiratory illness (last 3 months), and permanent residency in SWMMC or in the control city. These children underwent a complete medical history with a physical examination, including an ENT exam. Children with an ENT exam suggestive of sinusitis had radiological studies aimed to con rm the ENT ndings.
Control children were permanent residents in Isla Mujeres, a small Caribbean island with 2,800 residents, dedicated to shing and tourism-related activities. The group included 13 boys and 11 girls, ages 6-12 (9.8 0.5), with an average daily outdoor exposure of 6.5 0.5 hours/day. Exposed SWMMC children included 40 boys and 43 girls, ages 6-12, with an average age of 9.1 1.6 years and an average outdoor time of 6.6 1.0 hour/day. Children were of the same socioeconomic level and within their city attended the same school district and lived in the same neighborhood.
Nasal Biopsies
Samples of nasal respiratory epithelium were obtained from the ventral surface of the inferior nasal turbinate in children with no gross mucosal abnormalities on their rhinoscopic exam. Those with abnormal areas had their biopsies taken from these areas and the location and features of the abnormalities were recorded. Four exposed children had 2 nasal biopsies taken from areas with abnormal macroscopic ndings. The biopsies were taken under direct visual inspection, with a disposable plastic curette (Rhino-Probe, ASI, Arlington, Texas). The sample was immediately immersed in 1 ml of neutral 10% buffered formaldehyde, embedded in paraf n, sectioned at 5 l m, and stained with hematoxylin-eosin (HE) and processed for p53 immunohistochemistry.
p53 Immunohistochemistry Control and exposed nasal biopsies were stained using previously published procedures for p53 with the streptoavidinbiotinylated-immunoperoxidase method (51) . Brie y, 5-l m paraf n sections were dried overnight, deparaf nized in xylene, and rehydrated through graded alcohols. The sections were subjected to an antigen retrival procedure by immersing them in a solution with 10mM citrate buffer in distilled water for 1 minute, in a high pressure cooker. The sections were next incubated overnight at 4 C, with p53 monoclonal antibody DO7 (Novocastra Laboratories, Newcastle University, UK), recognizing both the wild-and mutant-type protein, at a dilution of 1:500. A squamous cell lung carcinoma with a known strong reaction to the antibodies served as a positive control and consecutive sections of each nasal biopsy without the primary antibody were included as negative controls. An intense nuclear red staining was considered positive for accumulation of p53 protein. All sections were blinded and evaluated by an experienced pathologist.
Statistics: Statistics were performed using the program GraphPad Instat tm (San Diego, CA). Unpaired t test was used to assess the outdoor time differences between girls with normal nasal mucosa and turbinates vs those with macroscopic abnormalities; the Mann-Whitney u-test was used to evaluate the differences in the number of outdoor hours between boys and girls in SWMMC and the differences in outdoor time between boys with abnormal macroscopic nasal mucosa and turbinates vs those with normal ndings. Fisher's exact test was used to assess nasal macroscopic changes between boys and girls in SWMMC and the presence of p53 in the nasal mucosa. Results are expressed as means SD. A p value of < 0.05 was used to indicate statistical signi cance.
RESULTS
Air Quality Data
SWMMC children are chronically and sequentially exposed to a complex mixture of pollutants including high ozone concentrations which are recorded all year long, PM 10 and PM 2.5 above their respective annual standards, and significant concentrations of formaldehyde and acetaldehyde (1, 5) . The number of hours per year SWMMC children have been potentially exposed to ozone above the NAAQS for the years 1986-1998 are: 740, 959, 1,224, 1,403, 1,561, 1,395, 1,146, 1,061, 1,249, 1,080, 1,123, 1,203, and 1,342, respectively.
Clinical Data
There were no differences in the number of hours spend outdoors between control and exposed children. However, there was a signi cant difference in the number of hours spent outdoors in boys vs girls ( p 0.002, 7.0 0.12 vs 6.3 1.1 h/day). Children in SWMMC spend a signi cant amount of time engaged in outdoor physical activities in the afterschool period (after 2 pm). This period coincides with The odds ratio of having a nasal whitish-gray lesion with positive p53 is 26.1 ( p 0.005). peak concentrations of the 2 most important pollutants for the area: ozone and PM. Children in the control group reported no upper or lower respiratory symptomatology at the time of the study and for the 3 months prior to the study, while every SWMMC child complained of upper and/or lower respiratory symptoms ( p < 0.001). Table 1 shows the clinical and ENT most relevant data for both groups of children. The three most important nasal complaints were: epistaxis, nasal crusting, and nasal obstruction. Nasal crusting was signicantly more common in boys than in girls ( p 0.01). The ENT most important ndings were a hyperemic mucosa seen also predominantly in boys ( p 0.009), and patches of macroscopically abnormal nasal mucosa present in 21/83 SWMMC children. These abnormal areas were characterized by irregular, opaque, recessed, whitish-gray mucosa overlying mostly the head and body of the inferior turbinates and in one case, most of the inferior and middle anterior turbinates. Flattening of the nasal turbinates was associated with the mucosal changes. Boys with gross mucosal changes and attened turbinates spend a signi cantly higher number of hours outdoors than girls with the same ENT ndings ( p 0.0004, 7.7 0.46 h vs 5.8 1.03 h). The difference remained valid for boys with gross mucosal changes vs boys without them (p 0.001, 7.7 0.46 h vs 6.7 0.8). On the other hand, girls showed no differences in the number of outdoor hours and the presence or absence of gross mucosal abnormalities. Thirty-two children had purulent mucus in the nasal passages at the time of the ENT exam and were further evaluated for radiological signs of sinusitis. The diagnosis of sinusitis was con rmed radiologically in 20/32 children (12 ethmoidal, 6 maxilar plus ethmoidal, 2 frontal, maxilar, and ethmoidal). X-rays were classi ed as abnormal based on loss of translucency of the cavities and/or mucosal thickening. Only 2 children with con rmed radiological diagnosis of sinusitis had an abnormal macroscopic mucosa in the ENT exam, and only 3 children in the SWMMC cohort had a grossly normal nasal mucosa and a normal ENT exam-they were all girls ages 9 (n:2) and 10.
Histopathology
Control biopsies (n:24) were characterized by a normal respiratory epithelium with unremarkable ciliated and goblet cells and no in ltrating polymorphonuclear leukocytes (PMN) (Figure 1, panel 1 ). SWMMC biopsies (n:87) were all abnormal; basal cell hyperplasia, patchy areas of shortened or absent cilia and goblet cell hyperplasia, mild to moderate epithelial PMN in ltration and squamous metaplasia were the most relevant ndings (Figure 1, panels 2-4 ). Biopsies (n:24) from the 21 children with an abnormal epithelium displayed basal cell hyperplasia and atypical to mildly dysplastic squamous metaplasias (Figure 1, panel 3) . Four of the 24 biopsies-from 4 different children-displayed a strong nuclear p53 positivity in mildly dysplasic squamous metaplastic epithelium ( p 0.005 odds ratio 26.163) (Figure 1 , panels [5] [6] . Positive nuclei were present in aproximately 80% of cells throughout the full thickness of the epithelium. The two children with an abnormal macroscopic mucosa in the ENT exam and con rmed radiological sinusitis exhibited squamous metaplastic changes and negative p53 staining.
DISCUSSION
This study documents the presence of p53 protein transmural nuclear accumulation in nasal epithelium corresponding macroscopically to whitish-gray recessed mucosa on the inferior and middle turbinates of children growing in Southwest Mexico City. These children have been exposed chronically and sequentially to air pollutants such as ozone, particulate matter, formaldehyde, acetaldehyde, and a myriad of other potentially carcinogenic substances. Clinical histories of epistaxis, nasal obstruction, and nasal crusting, along with abnormal ENT exams, and a corresponding histopathological picture of squamous metaplasia replacing the normal ciliated respiratory epithelium are characteristic of a population selected on the basis of negative histories of allergic and respiratory diseases, active or passive exposure to tobacco and recent clinical respiratory illness. Further, only 3 of the 83 children exposed to the SWMMC environment had a normal ENT exam and none of 83 had histologically normal nasal biopsies. Gross nasal mucosal changes and hyperemia were seen predominantly in boys, an important observation because boys spend signi cantly more time outdoors than girls and they engage in light to moderate physical activities in the critical afterschool period when air pollutants such as ozone reach peak values (Villarreal-Calderon and Valencia-Salazar, personal communication).
The nding of nuclear accumulation of p53 protein in nasal biopsies with mildly dysplasic squamous metaplastic changes raises a series of questions regarding the nature of these lesions in children growing up in polluted environments, and the role of p53 in the nasal carcinogenesis multistage model. Normal p53 protein could be increased in these children because increases in normal p53 protein occur physiologically as a response to genotoxins, hypoxic stress, oxidative damage from free radicals, and endogenous sources of DNA damage (ie, nitric oxide) (27, 29, 32) . Persistent nasal DNA damage is present in SWMMC children (9, 11) . They have signi cantly higher numbers of nasal cells with 8-hydroxy-2 -deoxyguanosin e and DNA strand breaks when compared with children living in low-polluted areas (9, 11) . Thus, in response to DNA damage p53 acts as a checkpoint preventing the accumulation of potentially oncogenic mutations. Loss of functional p53 or a mutated p53 oppositely will promote cell proliferation by relieving G 1 growth arrest and allow the propagation of genetic defects that would otherwise be eliminated during p53-mediated apoptosis or G 1 arrest (40) . Both, loss of functional p53 and a mutated p53, increase the likelihood that the seemingly innocuous nasal lesions in SWMMC children will represent an early step towards a SCC.
The accumulation of p53 in early preneoplastic epithelium has been documented in bronchial, esophageal, and head and neck tissues (3, 45) . Composite immunohistochemistry data in bronchia show progressive p53 protein accumulation, from 0% in normal mucosa, 7% in squamous metaplasias, 25% in mild dysplasias, 32% in moderate dysplasias, 69% in severe dysplasias, 70% in microinvasive carcinomas, and 76% in fully invasive carcinomas (23) . Further, Klein (33) , and Boers (6) suggested that p53 immunoreactivity in squamous metaplastic bronchial lesions could be a marker of carcinoma of the respiratory tract. Wakamatsu (49) reported p53 accumulation in 38% of hyperplasias, 58% of metaplasias, and 73% of bronchial dysplasias, and interestingly among the specimens that showed immunohistochemical p53 accumulation, 91% did not reveal mutations by PCR-SSCP. The authors suggested that p53 accumulation in atypical bronchial epithelium might have a protective function from lung carcinogenesis, and mutation of the p53 gene may be a late event in the sequential steps of lung carcinogenesis.
In humans there is an increased risk of upper respiratory cancer, including nasal SCC in subjects exposed to aerosol complex chemical mixtures (34) . Examples include wood, leather, textile dust, and chromium-and nickel-containing materials. Bogdanffy (7) indicates that critical factors in assessing risk from exposure to nasal carcinogens include anatomical and air-ow dynamics (17) (18) , biochemical and molecular factors (47) , and changes in epithelial types (31) . Children may be especially predisposed to the toxic effects of air pollutants due to the anatomy of their airways, an increase in minute ventilation rates, nasal respiratory pattern changes during growth and their limited awareness of potentially harmful ambient exposures (35, 37, 46) . Ozone (O 3 ), the main pollutant for SWMMC is a highly reactive molecule that interacts with a wide variety of organic molecules including unsaturated fatty acids, proteins and nucleic acids to produce free radicals intermediates. O 3 initiates cascades of free radical reactions and causes extensive DNA damage as re ected by strand breaks, DNA interstrand crosslinks and protein crosslinks (36, 48) . Monkeys exposed to O 3 , 0.15 and 0.30 ppm for 6 or 90 days exhibit nasal lesions including acute rhinitis with an intraepithelial in ux of PMN, atenuation of cilia and individual ciliated cell degeneration and necrosis (26) . Importantly, these are all pathological changes described in SWMMC children (9) . Formaldehyde-a major pollutant in SWMMC-is a potent carcinogen in F344 rats (38, 51) ; rhinitis, squamous metaplasia, hyperplasias, and dysplasias precede the appearance of SCC in the rat nasal passages (38) . Mutagenic PM 10 (16) deposited on unciliated regions adds to the potential carcinogenic burden (14) .
Clearly, SWMMC children's nasal epithelium is being subjected to the effects of complex air pollutant mixtures present in their environment. Previous work from our laboratory shows these children having altered nasal mucociliary defense mechanisms as evidenced by the in vivo weak, irregular ciliary beating movements and the histories of dry rhinitis and crusting (9) . Further, electron microscopy in nasal biopsies from exposed SWMMC children show intraepithelial particulate matter (14) , suggesting an impairment of particle clearance with the potential for their intraepithelial accumulation and a synergistic action with gaseous pollutants.
Evidence is also accumulating that a complex interplay of cytokines may have a crucial in uence over a number of in ammatory conditions (41) . Tumor necrosis factor alpha (TNFa ) can activate the expression of wp53 in concert with the nuclear transcription factor NF j B. Because NF j B induction occurs as a response to stress and p53 arrests cells in G 1 /S, where repair may be initiated, activation of p53 by NF j B could be, on one hand, a mechanism by which cells can recover from stress and on the other dysregulated NF j B can contribute to tumorigenesis and disease (50, 52) .
One additional interesting nding is worth commenting in this study: chronic sinusitis was diagnosed during the ENT exam and con rmed radiologically in 20 children in whom the diagnosis was not entertained by the clinical history. Chronic sinusitis is not an uncommon childhood illness, factors such as adenoid hypertrophy, allergic rhinitis, and asthma frequently coexist in affected USA children (15, 30) . It was however, not surprising to nd out that 24% of the apparently healthy children had chronic sinusitis, because the symptoms are indistinguishabl e from the everyday ENT complaints in SWMMC children, and more importantly because chronic rhinosinusitis ought to be seen as part of any diffuse in ammatory state affecting the respiratory tract (20) . Therefore, air pollutants are also affecting the paranasal sinuses in children. A concept that should be kept in mind in this highly exposed population as we are seeing an apparent increase in nasal and paranasal malignancies in Mexico City adult residents (13) .
In summary, we have detected p53 by immunohistochemistry in 19% of children with macroscopic nasal lesions exhibiting atypical squamous metaplastic and/or dysplastic changes. Because p53 accumulation is not detected in the majority of exposed children's epithelium, and is limited to dysplastic areas, it is likely that we are not detecting the initial stabilization of p53 in response to pollutants, but rather the accumulation of mutant p53. A clear limitation of this study given the minute nasal tissue amounts obtained with the Rhino-probe sampling is that we could not assess whether these samples contained mutant or wild p53. Further analysis of additional squamous metaplastic and/or dysplastic samples for single-strand conformational polymorphism analysis and direct sequencing will be required to determine if this is the case. If so, the occurrence of p53 mutations early in life indicates that there is a strong selective pressure for p53 inactivation in pollutant exposed epithelium.
Carcinogenesis in humans is a complex and long process and in view of the fact that: (a) SWMMC children are an overexposed population to signi cant concentrations of air pollutants; (b) p53 is associated with dysplastic nasal lesions, and (c) there is a potential increase of nasal SCC in the adult population, we suggest that children with macroscopic nasal mucosal abnormalities should be closely monitored, parents should be adviced to decrease the children's number of outdoor exposure hours coinciding with the pollutant peaks and encourage a balanced diet with an important component of fresh fruits and vegetables.
The role of the pediatrician and the ENT physician is extremely important in giving advice to the parents and children, and the health community should be aware of the potential for these children to develop nasal and paranasal malignant neoplasms in the future.
